Abstract: Water quality in rural catchments is influenced by many societal and bio-physical factors (e.g. different pollution sources, land use and land cover changes). Good ecological status and surface water quality are currently challenged mainly due to different poorly identified pollution sources. The main objective of this study is to estimate the potential of different measures (land use changes and/or reduction in point sources) and their combinations in decreasing the nitrate-nitrogen load from Jankovský stream catchment. The eco-hydrological model SWIM, which simulates dynamics of nutrients in a catchment was used in the study. The simulations for scenario measures showed that nitrate-nitrogen loads at the outlet can be decreased more by reduction of municipal nitrate-nitrogen sources rather than by agricultural land-use change. Overall, the modeling results demonstrated that the most effective scenario was the combination of total reduction of municipal nitrate-nitrogen sources and agricultural land-use change.
Introduction
The issue of water quality in rural catchments is of global importance [1] [2] [3] . Especially, the significance of groundwater for safety of water supply is increasing with regard to global climate change and rapid development in rural areas [4, 5] . Notably, rural catchments are heavily influenced by direct anthropogenic impacts from point and non-point nutrient sources. The European Water Framework Directive (WFD) focuses on integrated water management in river catchments to achieve, enhance or maintain a good status of fresh waters [6] . Achieving good ecological status is essential aspect of this. Good ecological status and surface water quality are currently challenged mainly due to different (often poorly identified) pollution sources. Nevertheless, agriculture is traditionally supposed to be the most important source of nutrients emitted to waters [7] .
Nitrate pollution is a particular issue in the rural catchments globally: nitrogen as a major plant nutrient is often applied in large amounts at agriculture land to obtain optimal yields. Moreover, the municipal sources from waste water treatment plants (WWTP), which are monitored, and from scattered sources (which are not monitored -mainly households without connection to municipal sewerage networks) contribute importantly to the overall nitrogen load. Furthermore, atmospheric deposition can also influence the leaching of nitrogen (N) significantly [8] .
Constructed wetlands (CWs) are supposed to reduce nitrogen load from municipal scattered and point N sources; change in use of agriculture land is supposed to reduce nitrogen load from non-point sources. While there is a number of studies quantifying the land use change effects on water quality, the combined assessment of the effects of land use change and constructed wetlands has (to our knowledge) not been published before.
CWs represent promising alternative to traditional waste water treatment: they are relatively inexpensive to construct and operate; they have significant environmental and aesthetic benefits and are perceived recently as a reliable wastewater treatment technology [9] . Moreover, their important advantage regarding the climate variabil-ity and change impacts is the relative robustness against flooding. The CWs are undergoing rapid development recently and also the intensified CW designs and methods removing more "exotic" pollutants have been presented recently [10] .
The estimation of contribution of different sources to overall load can be carried out using numerical models. Additionally, the numerical models allow estimation of the efficiency of measures to decrease the contaminant load. A broad spectrum of diverse approaches for modeling of water quality is available: from simple models based on statistical analysis and conceptual water quality models to physically-based models describing the processes in the catchment in a different level of detail.
The territory of the Czech Republic is an representative example of development of different nitrates sources. The impact of agriculture as one of the major sources of nitrates in the Czech Republic declined: the consumption of nitrogen fertilizers sharply decreased in the beginning of 1990s (approximately 50% reduction in N fertilization) [11] . A decrease in nitrate concentrations in surface water in some regions of the Czech Republic was observed and it was partly attributed to lower nitrogen fertilizer doses as well as due to grassing of ploughland especially in submontane or areas less suitable for intense agriculture [12] . On the other hand, the importance of non-agricultural sources such as scattered municipalities is still significant in the Czech Republic. Such sources constitute considerable part of the total nitrogen load, as was confirmed by the assessment of surface water quality [13] . The possible reasons for this situation are mainly construction and operational costs for wastewater treatment and/or construction of unified (combined) sewerage systems without connection to WWTP.
The motivation for this study was to assess the potential of feasible protective measures using simple yet robust mathematical modeling. Consequently, our results allow to formulate recommendations to improve the status of surface water in the catchment, which is important for drinking water supply. The novelty of this study is to address the mature issue of searching for a solution of N-NO 3 loads from semi-gauged catchments, propose feasible measures and simultaneously test the potential of these measures. The results will be transferable for catchments with analogical properties. Moreover, such objective is in accordance with integrated approach of WFD and indirectly contributes to its target, i.e. good ecological status of surface water.
The Soil and Water Integrated Model (SWIM) has been already successfully implemented for various types of catchments from meso-to macro-scale [8, 14] .In this study, we implemented SWIM for estimation of the effect of protective measures in the catchment of the Jankovský stream (Czech Republic, Figure 1 ). It is a rural catchment with agricultural land and considerable anthropological N-NO 3 sources, which are not routinely monitored. It is situated within the catchment area of the Švihov Reservoir, which is an important source of drinking water for the capital of the Czech Republic (Prague).
The main objective of this study is to estimate the potential of different measures and their combinations in decreasing the nitrate-nitrogen (N-NO 3 ) from a rural semigauged catchment. Specifically, we tested the potential of constructed wetlands and change in use of agriculture land on total N-NO 3 load from Jankovský stream catchment.
Materials and Methods

SWIM
SWIM is a dynamic process-based eco-hydrological numerical model developed on the basis of the models SWAT [15] and MATSALU [16] . Up until now, SWIM has been intensively tested, validated and applied for simulating water discharge and water quality including hydrological extremes, nutrient dynamics and erosion [14] .
SWIM uses the following climate variables in daily time step: maximum, minimum and mean temperature, precipitation, solar radiation and air humidity.
In this study we used the version of SWIM, where all processes are simulated by disaggregating a catchment into subcatchments and hydrotopes. The hydrotopes are sets of elementary units in a subcatchment with homogeneous soil and land use types. It is assumed that a hydrotope behaves uniformly regarding hydrological processes and nutrient cycles. The simulation of water and nutrient cycling starts from hydrotopes, then water and nutrient fluxes are aggregated for subcatchments and routed via river network to the catchment outlet. Each soil type is described by numerical ID, number of soil layers, thickness, geophysical (clay, silt and sand content, bulk density, porosity, available water capacity, field capacity, saturated conductivity) and geochemical properties (organic C and N content) of soil layers. Soil types recognized for Jankovský stream catchment have 4 layers.
The Muskingum flow routing method is used in the SWIM. Two parameters are defined: the storage time constant for the reach (alternatively an average travel time for a flood wave) and dimensionless weighting factor in river reach routing that indicates the relative importance of the input and outflow in determining the storage in a reach. Deposition and remobilization in the streams are two components in the sediment routing model; they operate simultaneously. N-NO 3 is considered as a conservative material in the model for the time of an runoff model. It is routed by adding contributions from all subcatchments to determine the total load for the catchment.
The hydrological system is represented by four slots in the SWIM: the soil surface, the root zone, the shallow aquifer and the deep aquifer. Processes considered for the root zone are surface runoff, infiltration, evapotranspiration, percolation and interflow. Hydrological processes in the aquifer zone are: groundwater recharge, capillary rise to the root zone, lateral flow and percolation to the deep aquifer.
The nutrient modules of SWIM contain pools of active and stable phases, inorganic and organic phases and nutrients in the plant residue for nitrogen and phosphorus. The represented processes are as follows: mineral and organic fertilization, input with precipitation, mineralization, denitrification, plant uptake, leaching to groundwater, and losses with surface runoff, interflow and erosion. The nitrogen mineralization considers two sources: (a) fresh organic pool associated with crop residue and (b) active organic pool associated with the soil humus. Organic nutrient flows between the active and stable organic pools are governed by the equilibrium equations and depend on the C:N ratio, soil temperature, and soil-water content.
Denitrification in soil appears only in the conditions of oxygen deficit, which usually occurs when soil is wet. Denitrification rate is estimated as a function of soil water factor, soil temperature, organic matter, and mineral nitrogen content. The soil water factor is an exponential function of soil moisture with an increasing trend when soil becomes wet. Crop uptake of nitrogen is estimated using a supply and demand approach. The optimal nitrogen concentration for a given crop is calculated as functions of the growth stage. The daily crop demand of nitrogen is estimated as the product of biomass growth and optimal concentration in plants. Actual nitrogen uptake is the minimum of supply and demand. Uptake starts at the upper soil layer and proceeds downward until the daily demand is met or until all nitrogen content has been depleted. Amounts of soluble nitrogen in surface flow, lateral subsurface flow and percolation are estimated as the products of the volume of water and the average concentration. While passing the soil and groundwater by flow-ing to the river system within surface flow, interflow and base flow nitrogen is subject to retention and decomposition processes [17] .
SWIM usually simulates snowmelt and meltwater outflow by simple degree-day method at the subcatchment scale. Here, to be able to incorporate the spring snowmelt, we used the improved version: the relevant parameters are calibrated (threshold temperature for snow fall and threshold temperature for snow melt, snow correction factor) [8] . We used the version of SWIM that allows to incorporate the municipal nitrogen point sources [8] . We took into account the atmospheric deposition by using a global parameter for the whole catchment, representing the average concentration of nitrate in precipitation (0.8 mgl, [18] ). Geomorphologically, the area consists of an undulated mosaic of upland peneplains and shallow to deep valleys. Major parent rock is paragneiss, other encountered ones are granite, orthogneiss and quartzite; sporadically sandy and loamy eluvium. There is characteristic shallow aquifer which is fixed to the quaternary porous sediments or to the weathering zones of the crystalline rocks or to zone of shallow disjunction of crevices. Therefore, catchment hydrogeology manifests two different patterns; permanent aquifers exist in the places where the regolith is thicker (in local depressions and at saddle-like sites), in the fractured and faulted zones of solid rocks and in alluvial deposits in narrow valleys, i.e. in discharge zones. The recharge zones are mainly located in the uppermost parts of the catchment, close to the catchment divide, peaks and ridges. The deep, permanent groundwater table in the recharge zones usually lies at the depth of several metres, whereas the perched, shallow groundwater table of recharge and transient zones occurs already at around 0.8-1.2 meters. Generally, the turnover of groundwater is quick [19] .
Study area
The catchment land use is as follows: arable land (48.5%), forest (31.5%), grassland (meadows and pastures, 15.8%), built-up areas (3.2%) and water bodies (1%). There are 37 settlements, predominantly small villages and dwellings. The Jankovský stream has a length of 18.3 km and has five main tributaries. In the catchment, there are about 200 fishponds, from tiny (0.1 ha) to larger ones (30 ha). Agricultural land in the catchment is partly tiledrained with systematic subsurface drainage. Drainage spreads on 10.5% of catchment area; 16% of agricultural land is drained. It has been shown that the tile drainage runoff pattern in crystalline catchments (as our study area) is complicated [20] .
To built the model of a given catchment with SWIM, it has to be described by four input raster maps representing its most relevant properties regarding the nutrient dynamics: land-use, soils, digital elevation model and sub-catchments [21] . For Jankovský stream catchment, the study area was described by maps prepared in 10 x 10 m resolution: the land-use based on Corine 2006 corrected by aerial images processing and analyses; soil map based on [22] ; digital elevation model (DEM) and sub-catchment map based on DEM (17 subcatchments in Jankovský stream catchment).
In total, five types of soils are recognized in the Jankovský stream catchment for modeling purposes: two cambisol, two gleysol and pseudogley type.
Importantly, Jankovský stream catchment is located in the catchment area of the Czech largest drinking water reservoir: Švihov reservoir on the Želivka river. The location of the catchment within the Czech Republic and the Želivka river basin, land-use and main watercourses and monitoring sites are shown in Figure 1 . Both the agricultural and municipal sources of nitrogen contribute to the Jankovský stream, however, their actual shares have not been evaluated yet.
Materials
The gridded climate data (precipitation, temperature and humidity) were provided by the Czech Hydrometeorological Institute. The time series of each climate variable requested by SWIM were interpolated in the centroids of subcatchments by the inverse distance weighting method. For calibration purposes time series of daily discharge at the catchment outlet were used.
To analyze the municipal nitrogen sources we used the equivalent-adjusted inhabitant-pollution production approach and wastewater treatment type [23] . We obtained annual data on number of inhabitants and seasonal vacationers for 2004-2014 and the information on wastewater treatment (WWT) for all 37 settlements in order to estimate the nitrogen pollution released to surface water for each WWT. Finally, we aggregated the estimated daily nitrogen loads from the settlements to the subcatchments.
Finally, the fertilization data -N in kg, type of fertilizer (organic/mineral) and day of application, typical for the Jankovský stream catchment -were also implemented in the model. Data on livestock numbers and farming were obtained from the Ministry of Agriculture of the Czech Republic. We incorporated these data into the model using livestock-unit-pollution production approach.
For proper calibration, the observational data representing the outlet of given catchment are needed. For Jankovský stream catchment outlet we used the water flows in daily time step and time series of N-NO 3 concentrations, which were available with sampling frequency of 1-2 per month.
Water quality improving scenarios
Two strategies for improvement of water quality were considered: land-use change and additional treatment of municipal pollution by constructed wetlands. For a land-use change scenario we considered conversion of all catchment arable land, situated on coarse-textured, shallow and leaching-prone soils to grassland. This leads to 25% reduction of cropland (Figure 2) .
Constructed wetlands were considered as elements able to reduce the municipal (point) sources under the 37 settlements in the catchment. To account for the effect of constructed wetlands, the estimated municipal pollution was reduced by 50% or 100%. Note that the latter value is unrealistic, however, we included it to evaluate the limits of nutrient reduction (Figure 3) .
Scenarios that are assessed in our study are based on reduction of municipal N-NO 3 sources (by constructed wetlands), reduction of agricultural sources (by land-use change) and the combination of both: 
Results
Modeling with SWIM
The calibration of SWIM is processed in two steps: the water discharge is calibrated first, and after that, the N-NO 3 is calibrated. For calibration of discharge, we used the nondimensional efficiency criterion NSE [24] . NSE is a measure describing the squared differences between the observed and the simulated values on a daily time step. We did the calibration manually and by using the calibration system PEST (http://www.pesthomepage.org/). The ranges of parameters were taken from literature [25] . We calibrated the N-NO 3 loads on average annual value. As objective function, the relative deviation was used.
The following parameters were used for hydrological calibration: curve numbers, alpha factor for groundwater (characterizes the rate at which groundwater flow is returned to the stream), threshold temperature for snow fall and threshold temperature for snow melt, snow correction factor and two routing coefficients. For N-NO 3 load, the residence time and the decomposition rates in surface, subsurface and groundwater were used as calibration parameters.
The studied period was [2004] [2005] [2006] [2007] [2008] . The comparison of observed and simulated daily discharge is presented in Figure 4 . The model represents the discharge at the outlet quite reasonably. However, the high flows are overestimated and low flows are underestimated in the model simulation. To reduce the effect of this bias we limit our further discussions on the effects of protective measures to annual water balance and annual mean N-NO 3 loads. Annual water balance (Table 1) is represented adequately by the model.
We carried out calibration of N-NO 3 for the outlet of the catchment while taking into account estimated municipal N-NO 3 sources, atmospheric deposition and agricultural sources. The nutrient transformation processes on the croplands and in the underlying soil are to a large extent affected by soil conditions (texture, structure, soil water dynamics and temperature) and organic matter content (organic nitrogen and carbon). The quantity of N-NO 3 that enters the river system and the catchment outlet is also controlled by characteristics of vegetation and the type of crops. The prevailing crops in the Jankovský stream catchment are winter wheat, fodder plants, spring barley and oil seed rape. The nitrogen calibration was done assuming winter wheat on all agricultural areas. This is not fully realistic, however, it is acceptable for the water quality modeling with SWIM and fully sufficient for purposes of this study (see also [8, 26] ).
The comparison of observed and simulated N-NO 3 loads is given in Tab 
Scenarios of protective measures
The results of impact of different measures and their combinations on N-NO 3 load are presented in Figure 5 . The total reduction in municipal N-NO 3 sources (Scenario 1) leads to a larger decrease in N-NO 3 loads than the considered agricultural land-use change only (Scenario 3). However, when more realistic effect of constructed wetlands is considered (i.e. Scenario 2), the land use change scenario (Scenario 3), clearly reduces the nitrogen loads more. The largest decrease in N-NO 3 was simulated for Scenario 4, i.e. the combination of measures has larger effect than only the reduction of municipal sources or only the agricultural land-use (as expected).
Regarding the discharge, modeling for scenarios provided contrasting results. The reduction in municipal N-NO 3 has understandably no impact on discharge since only the reduction of concentration (not runoff) is considered. On the other hand, the scenarios with land-use change led to slight increase in mean annual discharge at the outlet (not shown). 
Discussion
According to our results ( Figure 5 ), the contribution of municipal sources to the total N-NO 3 loads is considerable and reduction of these sources can thus improve the nutrient balance in the catchment outlet even more than a "realistic" (i.e. made on a relatively small fraction of arable land) land-use change (and consequent changes in fertilization). This observation is in contrast with conclusions of Hesse et al. [26] for an agricultural catchment. The possible explanation is different catchment conditions and soils properties.
In Scenario 1 we run the model with no municipal N-NO 3 sources. This scenario might seem to be unrealistic, yet it provides valuable information on what is the maximum potential influence of reduction of N-NO 3 from municipal sources. Scenario 2 (50% reduction in municipal sources) provides estimate on change in N-NO 3 loads in the case that the constructed wetlands (CW) would be implemented in the catchment: reduction of 50% N-NO 3 corresponds to capacity of CW to reduce the nitrogen compounds. It is worth noting that reported efficiency of CWEs in reduction of N-NO 3 is even higher. For instance, CWs are able to decrease concentration of N-NO 3 up to 70% and NH 3 up to 60% [27] . Also denitrification bioreactors are very effective in reducing N-NO 3 concentration in waste water (even up to 74% [28] ).
There are several fishponds in the Jankovský stream catchment (Figure 1 ). Fishponds may affect both water quantity and quality at the catchment outlet. Their presence in the catchment might be partial explanation for overestimation of the high flows and underestimation of low flows by the model (Figure 4) . They are potentially relevant source of N-NO 3 , in principal similar to municipal sources, that we have not implemented in the modeling due to data unavailability. For instance, according to Kopp et al. 2012 a fishpond on stream may cause increase in N-NO 3 concentration downstream [29] . On the other hand, it is possible to use reeds in shallow lakes or fishponds for treatment of wastewater [30] .
The scenario with agricultural land-use change produced a decrease in N-NO 3 load around 5%. The agricultural land-use change can be seen as an analogy to reduction of nitrogen fertilization [31] . Our results are in accord with results of Whitehead et al. [32] . According to them, 50% reduction in fertilizers (due to corresponding landuse change) resulted in 27% decrease of N-NO 3 concentration in 20 years. Additionally, Constantin et al. [31] reported small but significant impact of fertilization reduction on leaching of N-NO 3 .
In our simulation the agricultural land-use change was less effective than the reduction of municipal N-NO 3 sources. The possible explanation for this can be that nitrogen export was more related to mineralization of soil organic nitrogen pools due to drainage and tillage than the external nitrogen sources [11] . This hypothesis is supported by a study in similar catchment in the Czech Republic, which concludes that soil water regime and mineralization of soil organic matter is dominant source of nitrogen and therefore decrease in fertilization does not always result in decrease of nitrogen loads in stream water [12] . In addition, somewhat contrasting results were obtained for poorer soils where the SWIM simulations indicate, that the fertilization decreasing measures are more effective than the reduction in municipal N-NO 3 sources [26] . Finally, it is worth noting that the scenario land-use change affected only ca 25% of the catchment area. The effects would be stronger when more extensive land-use changes were considered.
Generally, the drainage of water from fields is important source of N-NO 3 to surface water [19, 33] . To manage it, several relatively simple and effective measures are available. Besides grassing of ploughland, these measures are known as drainage water management, e.g. widening the tile drainage spacing [35] , performing controlled drainage, proper adjustment of timing and rate of nitrogen fertilization, quantification of soil organic matter mineralization and using appropriate yield goals [36] or, where applicable, elimination of land drainage [37] . Very effective measure to reduce leaching of N-NO 3 in drainage water are the catch crops (reducing the N-NO 3 concentration in drained water in the order of 34-52% [31] . Finally, the edge-of-field treatment wetlands (CWs focused on treatment of the cropland drainage water) can remove up to 68% of N-NO 3 [38] .
The scenarios with agricultural land-use change resulted in slightly larger and more balanced discharge. The possible explanation is the reduction of transpiration especially when comparing the grassland with corn or oil seed rape [39] . The relative change in discharge is most pronounced in the driest year 2008.
Conclusions
We used the eco-hydrological model SWIM for assessment of the effectiveness of different protective measures on decreasing the N-NO 3 in surface water runoff from a rural catchment. Based on the analysis of N-NO 3 sources in the Jankovský stream catchment, we implemented two main scenarios: reduction of municipal N-NO 3 sources and agricultural land-use change and their combinations. Since the information on municipal N-NO 3 sources was not available, we carried out their estimation using the equivalent-adjusted inhabitant-pollution production approach and wastewater treatment type.
Results of modeling with SWIM for these scenarios showed that the reduction of N-NO 3 loads at the outlet by elimination of municipal sources is comparable to landuse change at 25% of the catchment area. Overall, the most effective scenario was the combination of total reduction of municipal N-NO 3 sources and agricultural land-use change.
Importantly, the agricultural land-use change influenced positively the flow at the outlet of the catchment. It was pronounced significantly in dry year. Such measures have high potential not only regarding the water quality and ecological status of surface water, but they can contribute to solution of drought as an important impact of climate change.
Our results highlighted the potential of relatively inexpensive and robust protective measures to improve the quality of surface waters and their ecological status.
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